The adsorption of Cd(II) from aqueous solution by synthesized zeolite NaX from coal gangue was investigated in a batch adsorption system. The studies include both equilibrium adsorption isotherms and kinetics. Different isotherm models were examined and the adsorption isotherm could be best represented with Langmuir. The adsorption kinetic experimental data were found to be better fitted with the pseudo-second-order kinetic model. An intra-particle diffusion model was employed to investigate the adsorption mechanism. The results showed that the intra-particle diffusion step was not the only rate limiting step. According to the Langmuir equation, the maximum adsorption capacity was 38.61 mg/g, suggesting that zeolite NaX synthesized from coal gangue can be used as a potential green alternative for the removal of Cd(II) from aqueous solution.
tion and reverse osmosis (Hui et al. ) , while adsorption is viewed as the most effective method.
Cadmium adsorption has been widely studied using willow root (Chen et al. ) , modified sodium alginate (Yang et al. ) , red mud (Kalkan et al. ) , activated carbon (Venkatesan & Senthilnathan ) , and zeolite (Izidoro et al. ) , etc. According to our knowledge, no attempt was made to remove Cd(II) from aqueous solution using zeolite synthesized from coal gangue.
In this study, coal gangue, a solid waste, was used as an alternative low-cost precursor to synthesize zeolite NaX, aiming to remove Cd(II) from aqueous solution. The detailed synthesis process and method of zeolite NaX using coal gangue will be reported in another paper. The object of the present work was to determine the sorption characteristics of Cd(II) onto zeolite NaX synthesized from coal gangue through the investigation of kinetic and isotherm perspectives.
MATERIALS AND METHODS

Adsorbent and solution
Synthesized zeolite NaX from coal gangue (ZXCG) was used as adsorbent to remove Cd(II) from aqueous solution in the study. The surface area of ZXCG ws 557.05 m 2 /g and its total pore volume and micro-pore volume were 0.217 and 0.198 cm 3 /g, respectively. ZXCG has a relatively narrow pore distribution within the micro-pore range (<2 nm). Its pore size is larger than the hydrated ionic radius of Cd(II) (0.426 nm) (Nightingale ), suggesting a possibility to remove Cd(II) from aqueous solution using ZXCG as adsorbent.
Cd(NO 3 ) 2 ·4H 2 O was purchased from TianJin Chemistry Plant, China. Stock Cd(II) solution (1,000 mg/L) was prepared by dissolving accurate amounts of Cd(NO 3 ) 2 ·4H 2 O in distilled water. NaOH or HCl was used to adjust the initial pH. All the chemical reagents were of analytic grade.
Batch equilibrium study
Adsorbent dose, contact time, initial Cd(II) concentration and initial pH of solution were investigated through batch experiments in a 150 mL volume glass bottle. The mixture was agitated by a magnetic stirrer at a fixed speed of 300 rpm for 120 min. The equilibrium mixture was filtered with a 0.45 μm filter membrane, and the residual Cd(II) concentration in the solution was measured by ICP-AES. The amount of Cd(II) adsorbed at equilibrium, q e (mg/g), was determined by the following equation:
where C 0 and C e represent the initial and equilibrium Cd(II) concentration in the aqueous solution (mg/L), respectively, V is the solution volume (L) and M is the adsorbent dose (g). To ascertain the accuracy of the data, triple experiments were conducted and the average value was employed.
The effect of adsorbent dose on Cd(II) adsorption was investigated by adding different amounts of ZXCG (0.05-0.5 g) into 100 mL 100 mg/L Cd(II) solution. The mixture (at natural pH) was then shaken at room temperature
The effect of initial pH of solution on Cd(II) removal was investigated by adding 0.2 g ZXCG to 100 mL 100 mg/L initial Cd(II) solution at various pH (2.0-6.0) and then stirred at room temperature, 0.1 M NaOH or 0.1 M HCl was employed to adjust the pH.
The effect of initial Cd(II) concentration on the adsorption result was investigated by adding 0.2 ZXCG to 100 mL solution with different initial Cd(II) concentrations (10, 20, 50, 100, 200 mg/L) which was then stirred at room temperature.
Batch kinetic study
The kinetic studies were conducted in a 150 mL volume glass bottle at room temperature, 0.2 g ZXCG was added to different initial Cd(II) solutions (10, 20, 50, 100, 200 mg/L) and the pH of the solution was adjusted to 4.0 with 0.1 M HCl or 0.1 M NaOH. Cd(II) solution was extracted at the given time (0, 5, 10, 20, 40, 60, 80, 100, 120 min) and Cd(II) concentration was measured. The total extraction amount was no more than 5% of the stock ion solution. The extraction solution was filtered with 0.45 μm filter membrane and then diluted into a 25 mL volumetric flask. The amount of Cd(II) adsorbed on ZXCG was determined by the following equation:
where q t (mg/g) is the amount of Cd(II) adsorbed on ZXCG at the extracting time t (0, 5, 10, 20, 40, 60, 80, 100, 120 min) and C t is the Cd(II) concentration (mg/L) in the aqueous solution at the extracting time t.
RESULTS AND DISCUSSION
Effect of adsorbent dose on Cd(II) removal
The relationship between the ZXCG dose and Cd(II) uptake indicated that the removal percentage of Cd(II) increases initially with the increasing ZXCG dose and then remains stable when the adsorbent dose was 0.2 g. This shows that the total active sites of 0.2 g ZXCG were completely occupied by Cd(II), and an extra increase of adsorbent would not improve the removal percentage greatly. The optimum ZXCG dose was therefore fixed at 0.2 g.
Effect of pH on Cd(II) removal
The effect of initial solution pH on Cd(II) removal was investigated and the results are illustrated in Figure 1 . It can be found that the equilibrium amount of Cd(II) adsorbed onto ZXCG increased with an increase in pH value and reached the maximum when pH was 5. Beyond that point, q e begins to decrease. The calculated precipitation pH of Cd(II)
investigations, experiments were performed at a solution pH value of 4 to avoid possible hydroxide precipitation.
Effect of initial Cd(II) concentration and contact time
The effects of initial Cd(II) concentration and contact time on Cd(II) removal are displayed in Figure 2 . It can be seen clearly that the adsorption rate is quite fast in the higher initial Cd(II) concentration. On the other hand, Cd(II) is absorbed onto ZXCG at the initial adsorption stage more quickly (almost at the beginning of the 30 min for all the concentration cases). This is because the larger difference between the Cd(II) content in the solution and that on the surface of ZXCG, the stronger drive force is achieved; as the adsorption goes on, more Cd(II) is adsorbed onto the ZXCG surface, so the drive force turns to be smaller, resulting in a stable stage.
Adsorption isotherm
To predict the adsorption mechanism and determine the maximum adsorption capacity, it is essential to investigate the adsorption isotherm. In the study, three linear isotherm models (Langmuir, Freundlich and Tempkin) were Tempkin models are given as follows, respectively: showing that the Cd(II) adsorption process could best be described by this model, which can be clearly proved by 
Adsorption kinetics
For the certain Cd(II) concentration (100 mg/L) and ZXCG dose (0.2 g), contact time is essential since it reveals the adsorption kinetic. The Cd(II) adsorption rate was characterized by two different kinetics models (pseudo-first-order, pseudo-second-order) which can be expressed as follows.
The pseudo-first-order model log (q e À q t ) ¼ log q e À K 1 2:303 t
The pseudo-second-order model
where K 1 (min -1 ) and K 2 (g/(mg min)) represent the pseudofirst order adsorption rate constant and the pseudo-secondorder rate constant, respectively.
The values of the adsorption rate constant and correlation coefficient are listed in Table 3 . Obviously, the pseudo-second-order plot seems to cover all the experimental data points while some points do not lie in the pseudofirst-order plot (Figure 4) . Moreover, the correlation coefficients for the pseudo-second-order are much higher than that of the pseudo-first-order. Besides, the experimental q e for the pseudo-second-order model seems to highly agree with the calculated q e , indicating that it is more suitable to describe the adsorption process. It also indicates that such an adsorption is controlled by chemisorption (Hameed ).
Sorption mechanism
Kinetic studies fail to figure out the diffusion mechanism and rate determining step, and thus the intra-particle diffusion model was chosen to be tested. The intra-particle diffusion model can be expressed as:
where K id ((mg/g min -1/2 )) is the intra-particle diffusion rate constant, q t , the amount of metal ions adsorbed at time t and C (mg/g), a constant proportional to the thickness of boundary layer (Ravichandran & Arivoli ) .
The amounts of Cd(II) adsorbed versus t 1/2 for varied Cd(II) concentrations are displayed in Figure 5 . It shows that the adsorption involved more than one model. Research (Khaled et al. ) found that there are four steps throughout an adsorption process: (1) bulk diffusion;
(2) film diffusion; (3) pore diffusion or intra diffusion; and (4) surface adsorption.
The first step could be ignored since the Cd(II) is enough and the adsorption rate stays high at the beginning. Figure 5 shows three stages while the second one is the gradual adsorption which controls the rate. Beyond that, in the third stage, namely the equilibrium process, diffusion remains low because of the relatively low Cd(II) concentration.
The values of K id and C, calculated from the second portion, are listed in Table 4 . As can be seen from Figure 5 , there is occasionally a linear region, but in not the whole process. Additionally, the plot does pass through the origin. It demonstrated that the intra diffusion was not the only control step and others may be involved.
Stability studies
Stability studies are useful to map out the adsorption nature and its recyclability. After the adsorption process, ZXCG was separated and dried. Then it was employed to do repeated Cd(II) adsorption experiments three times.
The results were then characterized with X-ray diffraction (XRD) and scanning electron microscopy (SEM). From Figure 6 it can be clearly observed that the structure of ZXCG remains undestroyed, even though the surface suffered corrosion (Figure 7 ) when compared with raw ZXCG. The research shows that coal gangue based zeolite NaX has a high stability, even when used several times.
CONCLUSIONS
The zeolite NaX synthesized from coal gangue is proved to be effective for Cd(II) adsorption from aqueous solutions.
Batch adsorption data were fitted with Langmuir, Freundlich and Tempkin isotherm models and it turned out that the process could be best described by the Langmuir equation.
The kinetic was well determined by a pseudo-second-order model which suggests that the adsorption was chemisorption controlled. According to the intra-particle diffusion model fitting result, the rate was not only controlled by the intra-particle diffusion step and some other step may have been involved. The maximum equilibrium adsorption capacity for Cd(II) was found to be 38.61 mg/g, indicating that zeolite NaX synthesized from coal gangue can be a promising green adsorbent for removing Cd(II) from aqueous solutions.
